Abstract A key process in the pathophysiological steps leading to decompression sickness (DCS) is the formation of inert gas bubbles. The adverse eVects of decompression are still not fully understood, but it seems reasonable to suggest that the formation of venous gas emboli (VGE) and their eVects on the endothelium may be the central mechanism leading to central nervous system (CNS) damage. Hence, VGE might also have impact on the long-term health eVects of diving. In the present review, we highlight the Wndings from our laboratory related to the hypothesis that VGE formation is the main mechanism behind serious decompression injuries. In recent studies, we have determined the impact of VGE on endothelial function in both laboratory animals and in humans. We observed that the damage to the endothelium due to VGE was dose dependent, and that the amount of VGE can be aVected both by aerobic exercise and exogenous nitric oxide (NO) intervention prior to a dive. We observed that NO reduced VGE during decompression, and pharmacological blocking of NO production increased VGE formation following a dive. The importance of micro-nuclei for the formation of VGE and how it can be possible to manipulate the formation of VGE are discussed together with the eVects of VGE on the organism. In the last part of the review we introduce our thoughts for the future, and how the enigma of DCS should be approached.
Introduction
Decompression sickness (DCS) is caused by gas coming out of the solution, a phenomena that normally requires supersaturation of inert gases in the organism. However, numerous experiments indicate that bubbles originate as pre-existing gas Wlled nuclei (Yount 1988; Blatteau et al. 2006 ) and more attention has lately been given to the importance of these nuclei. Their presence and characteristics are believed to be just as important for the occurrence of DCS as supersaturation, and has given a foundation for novel approaches to prevent DCS.
Signs and symptoms of DCS diVer with the pressure proWle and the mixture in the breathing gas, but the common Wrst step is the formation of gas bubbles. The emerging evidence of the eVects of damage inXicted to the endothelium by venous gas embolism (VGE) has led us to the hypothesis that VGE evolution is the main mechanism for neurologic DCS (CNS DCS) through its adverse eVects on the CNS.
For a long time, researchers have suggested that formation of gas bubbles may be closely related to the susceptibility of DCS. Boyle observed bubbles leading to the development of symptoms of illness in 1659 (Boyle 1670) . In line with this, Paul Bert discovered that DCS was related to nitrogen bubbles, and observed that recompression treatment relieved the pain associated with these bubbles (Bert 1943) . Throughout the nineteenth century, the pathophysiology of DCS was studied, but little was done on how to prevent injury. Then, in 1908 Haldane et al. (Boycott et al. 1908) revolutionized the safety of diving with the publication of the Wrst true decompression tables (Lippmann and Mitchell 2005) . Today, 100 years after Haldane, the enigma of DCS is still not resolved. Therefore, the ability to take preventive and therapeutic advantage of the understanding of the mechanisms behind DCS has not lost its importance.
In-depth studies of extreme environmental physiology, such as that experienced during diving and decompression requires methods with a wide system-biological approach. There are obvious ethical concerns related to extreme physiological exposures of humans. In addition it seems unlikely that one can obtain tissue to study cellular and molecular mechanisms of DCS from organs such as the brain, heart and arteries in man. Therefore, we have to rely upon appropriate animal models to improve our understanding of the underlying causes of DCS. Fortunately, such models exist and we have shown that results from experiments using these models have been translated into clinical studies of DCS (Dujic et al. 2004 (Dujic et al. , 2006a . We therefore strongly suggest that in the hunt for the answers to the enigma of DCS, one needs to perform translational research.
Bubbles and risk of DCS
Bubbles formed during or after an ascent can have their origin in two diVerent mechanisms; either evolving from any dissolved inert gas (most often nitrogen) or they can originate through pulmonary barotrauma. Inert gases are not involved in the manifestation of barotraumas, since barotrauma can be generated from ascents from only 1 to 2 msw. As such, the present review will not focus on the formation of bubbles from barotrauma, but rather on the formation of bubbles from dissolved, inert gas.
If the ambient pressure is reduced suYciently below the partial pressure of the dissolved gas in the tissue and blood, formation of bubbles can lead to DCS. Gas bubbles may form at any site in the body and can be categorized in two groups; stationary or circulating bubbles. Stationary bubbles are formed in the tissues and may produce local damage and intravascular blockage, which gives rise to a variety of symptoms and signs. While there exists no method to measure stationary bubbles, Doppler and echocardiography are commonly used to measure VGE in the central venous pools. The lungs Wlter and remove the nitrogen bubbles formed in the veins, whereas arterial bubbles can block and/or damage the blood vessels in vital organs such as the brain and heart. Thus it seems that venous bubbles are less dangerous compared to arterial bubbles. However, venous bubbles can become arterial bubbles through shunts in the lungs and/or the heart. Recent studies have reported high incidences of VGE with subsequent arterialization after trimix diving and after no-decompression air dives (Ljubkovic et al. 2010a, b) . Both the studies with trimix dives and with no-decompression dives used standardized protocols without any violations, and without any clinical signs of adverse eVects of decompression. These two recent studies have again raised the question of possible long-term adverse eVects of diving due to the unknown eVect of repeated exposures to arterialization of VGE.
Traditionally, DCS is divided into type I or type II, depending on the symptoms and manifestations. Type I concerns only the symptoms of musculoskeletal pain, while type II are the more serious manifestations mainly related to the CNS. It has been suggested that there has been a shift from type I to type II DCS in the recent past, as type II is now more common (Francis and Mitchell 2003) . In as many as 77% of the cases of DCS, the UK Institute of Naval Medicine showed prevalence of neurological manifestations. Limb pain was found in 49% of the cases. The shift in manifestation may be explained by the introduction of dive computers, leading to increased bottom time and deeper dives (Andric et al. 2003) . On the other hand, an alternative explanation is the increased focus on neurological damage to divers.
Involvement of VGE in CNS DCS has been discussed for several years. Clinical observations showing that the spinal cord is more involved in DCS compared to the brain made Hallenbeck et al. (1975) suggest that gas embolism is not a mechanism for spinal cord DCS. If VGE is the main mechanism, one would rather suspect higher perfused organs to be more involved in CNS DCS than actually observed in the clinical setting. However, it is well documented by using ultrasound contrast media that small gas bubbles will lodge in small vessels and that the distribution of these bubbles is critically dependent on size (Talu et al. 2007; Klibanov 2006) . Other studies have shown that vascular gas bubbles can be located in the spinal cord in DCS (Sparacia et al. 1997) . Several investigators have shown that the brain might be more involved in CNS DCS than previously believed. Moon et al. (1989) showed by contrast echocardiography that gas emboli play an important role in CNS DCS. They observed a higher incidence of atrial septal defects in cases with neurologic DCS. Such defects would allow VGE to be transported from the right to the left side of the circulation.
Involvement of VGE in neurologic DCS has been showed both in animals and in men (Wilmshurst et al. 1994; Vik et al. 1993; Germonpre et al. 1998 ). However, several other researchers are not convinced about this role of VGE in relation to DCS (Smith et al. 1990; Cross et al. 1992; Langton 1996) . In addition to the blood Xow argument cited above, the observation of a patent foramen ovale (PFO) in approximately 30% of the population does not Wt with the numbers developing DCS. The relevance of shunting is questioned since many divers with detectable shunts have no history of DCS (Wilmshurst et al. 1989; Cross et al. 1992) . On the other hand, Wilmshurst and Bryson (2000) showed that individuals with right to left shunting had higher risk of neurological decompression illness than individuals without shunts. They also pointed out that individuals with smaller shunts would have intermediate risk, but other factors like individual susceptibility to venous bubble formation would aVect the risk as well. Another implication for divers with a PFO to take into consideration is the change in intrathoracic pressure that takes place during a Valsalva maneuver . A Valsalva is used during descent to equalize pressure in the middle ear with the ambient pressure, and can cause an increase in right arterial pressure which will open a PFO (if present). Balestra et al. concluded that movements other than the Valsalva also can increase the intrathoracic pressure, such as sustained isometric exercise or abdominal strains. These other maneuvers were more likely to cause post-release central blood shifts, which made them recommend that divers with PFO should avoid any exercise that is likely to increase the intrathoracic pressure for prolonged periods of time. A more recent study also showed that over a period of seven years the permeability of PFO in a group of sports divers had changed (Germonpre et al. 2005) . For the Wrst time, an increase in PFO size was documented in humans, an increase that might imply that divers could develop more susceptibility for serious DCS over time. Additionally, an important point made by Wilmshurst and Bryson was that CNS DCS could also be related to lung disease and unsafe dive proWles, not only to bubbles shunting from the venous to the arterial side. Symptoms from the joints and muscles were not correlated with shunts.
Adverse eVects of VGE
VGE does not necessarily lead to DCS, but VGE is an indicator of decompression stress. The relationship between decompression stress and DCS is not straight forward; there is no positive correlation. However, since there are no other measurable indications for mechanisms in relation to VGE and decompression stress, the measurement of VGE could be established as the standard for validating decompression procedures.
VGE can be seen in large amounts without any commensurate manifestation of decompression injury (Nishi et al. 2003) . However, the risk of DCS increases with the amount of bubbles detected (Eftedal et al. 2007a ). In his masters thesis, Sawatzky (1991) systematically analyzed maximum Doppler scores and DCS incidence in a total of 3,234 dives.
He found only one incidence of DCS not accompanied by detectable bubbles, giving a negative predicting value of 0.999 and a sensitivity of detectable bubbles as a test for DCS of 0.99. However, Sawatzky also detected bubbles without any symptoms of DCS, which gave a positive predictive value of only 0.04. This illustrates that having detectable bubbles yields only a 4% chance of developing DCS. Even when using high bubble grades as test criterion, the positive predictive value is low (Eftedal 2007) . As Eftedal (2007) stated in his doctoral thesis: ".. the absence of detectable bubbles is a good indicator of decompression safety, but the occurrence of bubbles, even high grades, is a poor predictor of decompression sickness". Since there seems to be only a statistical relationship between VGE and DCS, the detection of bubbles by ultrasound can not be used as diagnostic criteria for DCS. Arterial bubbles are often connected to the more serious cases of decompression injuries (Neuman 2003) , which indicates that VGE is a relevant stress indicator for such symptoms; thus quantiWcation of bubbles in the venous system can oVer a graded measure of decompression safety (Nishi et al. 2003; Eftedal et al. 2007a, b) . VGE gives only a fraction of the total picture of what is happening in the body, but is signiWcant as it is the only objective and quantitative measurement available to evaluate decompression stress.
VGE alter the endothelial function and changes barrier permeability
The endothelium is activated by sensing various physiologic stimuli and triggering release of multiple vasoactive substances, including nitric oxide (NO). Such physiologic stimuli can be both substances present in the blood or the shear stress associated with the blood Xow (Shaul 2002) . A large number of vasoactive substances are produced and secreted from endothelial cells to act on the underlying vascular smooth muscle cells. The balance between dilating and contracting factors is critical for maintaining vascular homeostasis (Cockcroft 2005) . As such, the endothelium plays a key role in the short-and long-term regulation of the cardiovascular system and is the source of many factors that inXuence blood Xow, blood coagulation as well as angiogenesis (Triggle et al. 2003) . Several studies have shown reduced endothelial function after exposure to vascular bubbles (Nossum et al. 1999 (Nossum et al. , 2002 Brubakk et al. 2005) , suggesting that this eVect may be a central mechanism in the development of serious decompression injury, and possibly also in long-term injury . A more recent study by Obad et al. (2010) reported endothelial dysfunction after successive trimix dives and at the same time also augmented generation of reactive oxygen species (ROS).
Even in the absence of clinical manifestations, VGE can cause changes in barrier permeability. Proteins and leukocytes can be allowed into the extravascular brain tissue with subsequent formation of edema if the bloodbrain-and/or blood-lung barrier (BBB and/or BLB) is broken down Chryssanthou et al. 1977; van Hulst et al. 2003) . Polymorphonuclear leukocytes (PMNs) play a central role in the bubble-induced inXammatory response (Martin and Thom 2002; Nyquist et al. 2004 ). Nossum et al. (2003) demonstrated reduced PMN inWltration in rabbits given anti-C5a monoclonal antibody and thus protected the endothelium against injury caused by small amounts of bubbles. From animal models of gas embolism, leukocytes have been implicated in the progressive fall in cerebral blood Xow and decreased cerebral function (Dutka et al. 1989; Helps and Gorman 1991) . PMN accumulation in rat brain is also demonstrated to be a part of an acute inXammatory response to brain injury (Clark et al. 1996; Schoettle et al. 1990) . Schoettle et al. (1990) found a signiWcant correlation between PMN accumulation and the development of cerebral edema. Similarly, leukopenic dogs suVered less microcirculatory damage after injection of air into the internal carotid artery than did control dogs (Dutka et al. 1989) . In a recent study by Thom et al. (2011) , circulating microparticles (MPs) were found to be elevated by decompression stress. Decompression from greater pressures resulted in higher amounts of MPs from diVerent cell types, and the study gave a pathophysiological link between MPs and tissue injuries. Further, in a study by (Glavas et al. 2008 ) a possible link between formation of VGE after a single dive and impaired arterial vasodilatation were found. Together with the previously mentioned work, this points toward the hypothesis that DCS is an inXammatory disease.
The symptomatology of DCS is heterogeneous and not entirely explained by a mechanically induced tissue injury. The bubbles may compress against the endothelial wall, obstructing and stripping the endothelial cells (Nossum et al. 1999) . However, it is quite possible that the pathogenesis of DCS, at least in part, may be of an inXammatory origin. Empirically, there is an interindividual susceptibility to DCS and it has been suggested that individual diVerences in inXammatory response might be a part of this mechanism (Ward et al. 1987) . Platelets and leukocytes have been found to aggregate and adhere to intravascular bubbles, thus representing a foreign surface that may induce biochemical changes, which was discussed early in the 1970s (Philp et al. 1972) . A subsequent inXammatory activation has been demonstrated by several studies (Ward et al. 1987; Ersson et al. 2002; Bergh et al. 1993; Brenner et al. 1999; Boussuges et al. 1998) .
Nitric oxide
Our studies have shown that Nitric oxide (NO) may play a signiWcant role in the formation of vascular bubbles (WisloV et al. 2003 Mollerlokken et al. 2006; Dujic et al. 2006b ) and that both exercise and NO protects against vascular bubble formation and DCS (Dujic et al. 2004 (Dujic et al. , 2006b WisloV et al. 2004 ). Further, exercise is shown to induce production of eNOS in the vascular system through increased blood Xow and shear stress (Green et al. 2002 ) (Kingwell et al. 1997) . Why NO has this positive eVect protecting animals and humans from bubble formation during decompression, may not only be attributed to its eVect as a potent vasodilator, but it also reduces the adhesiveness of cellular particles to the endothelial surface (Kerem and Mehmet 2000) . Since both factors may inXuence the surface properties of the endothelium, this may reduce the number of nuclei available for bubble production.
NO is a free radical gas generated by NO synthase (NOS) through oxygenation of one of the guanidine nitrogen atoms of L-Arginine and co factors situated in the blood (Alderton et al. 2001) . They are products of diVerent genes, with diVerent localization, regulation, catalytic properties and inhibitor sensitivity (Alderton et al. 2001 ). The isoforms are referred as neuronal NOS (nNOS or type 1), inducible NOS (iNOS or type 2) and endothelial NOS (eNOS or type 3). In the vascular wall, most of the NO is believed to derive from eNOS, but both iNOS and nNOS are also shown to participate in vascular function (Moncada and Higgs 2006; Kavdia and Popel 2004) .
The NO pathway is not exclusive for decompressionrelated bubbles, as impaired endothelial function due to impaired NO production/availability has been observed in a number of cardiovascular diseases (VanWijk et al. 2003) . Numerous studies have shown that endothelial dysfunction is independently related to future cardiovascular events (e.g. myocardial infarction, stroke, transient ischemic attack) (Gonzalez and Selwyn 2003) .
Manipulation of VGE: safer decompression?
Traditionally, the reduction of VGE to prevent DCS has been achieved by changing ascent rates. Even though the present procedures have low incidence of DCS, we have demonstrated experimentally ) and theoretically (Gutvik and Brubakk 2008 ) that there is considerable room for improvement. In a number of studies using rats, we have shown that the amount of VGE following a dive can be signiWcantly reduced by performing heavy exercise, 20 h before the dive ). The protective eVect disappeared 48 h later, while exercise closer to the dive had no eVect. An increased blood Xow will increase the shear stress which again increases the endothelial production of NO. The process is not instantaneous, and this might explain the protective eVect of exercising 20 h before the dive. By blocking NO we have previously demonstrated that bubble production will increase, and that the protective eVect of exercise can be simulated by adding NO (Dujic et al. 2006a, b; Mollerlokken et al. 2006; WisloV et al. 2003 WisloV et al. , 2004 . The protective eVect of exercise preceding a dive was conWrmed in man (Dujic et al. 2004 ). The beneWcial eVect of exercise during decompression has also been demonstrated by reducing the number of VGE generated, probably through a NO mechanism (Blatteau et al. 2005; Broome et al. 1995; Dujic et al. 2005 ). An alternative hypothesis is that increased cardiac output (as a result of the exercise) and hence the tissue blood Xow, results in increased gas elimination. Thus, timing and intensity of exercise performed are critical factors, as to whether the eVects are harmful or beneWcial. As such, exercise may represent a novel way to reduce the risk of DCS. However, it has been shown that bubble production is increased by NO blockage in sedentary but not in exercised rats, indicating that the beneWcial eVect of exercise may be mediated by other factors than NO (WisloV et al. 2003) . Other pre-dive strategies have also reduced the amount of VGE following decompression. (Blatteau et al. (2008) increased the amount of NO and HSP without exercise, but by a pre-dive session in a sauna. Also pre-dive vibration has been reported to reduce the amount of VGE after a dive, without any changes in the endothelial function, and hence no increase in the amount of NO (Germonpre et al. 2009 ).
Our laboratory has previously shown that even low bubble loads lead to endothelial dysfunction (Nossum et al. 2002) , and that this damage is dose dependent (Nossum et al. 1999) , an observation supported by others (Rosenblum 1997) . Furthermore, we have shown a close relationship between maximal oxygen uptake (aerobic Wtness) and endothelial function (Haram et al. 2006) . Exercise is also one of the treatments recommended for chronic endothelial dysfunction, which shows the importance of physical Wtness in diving. Since younger, slimmer, or aerobically Wtter divers are known to produce less bubbles compared with older, fatter, or poorly physically Wt divers (Carturan et al. 2002) , personalized decompression tables and computers seem prudent. As Moon et al. (1995) wrote: "the probabilistic models on which tables and computers are based should reXect the individual reality of the divers, to enable them to conduct their dives in accordance with their individual characteristics".
A comprehensive understanding of biochemical, immunological and molecular-biological pathways involved in DCS will improve decompression procedures and the understanding of the basal physiology behind the adverse eVects of decompression. Based on previous work, one hypothesis is that microbubbles are inXuenced by diVerences in caveolae (see below), where we suggest that bubble nuclei may be located. As with other types of technology and research, the use of animal models is under constant development. Genetically modiWed animals, in particular mice, give the opportunity to perform studies that might explain the individual diVerences in relation to the adverse eVects of decompression.
Caveolae
Bubbles need something to grow from, as the negative pressures necessary for spontaneous bubble formation goes far beyond what is feasible in a decompression situation (Zheng et al. 1991) . However, bubbles have other characteristics that can help us identifying their origin, one of them being that bubbles are extremely stable on hydrophobic surfaces (Liebermann 1957) . Thus, lipid rich micro-domains on the surface of the endothelium can have a particular propensity for the formation and/or stable attachment of bubble nuclei (Chappell and Payne 2005) . Brubakk (2004) postulated that hydrophobic sites can exist on the endothelium surface. This further indicates that the caveolae are attractive sites for the formation of bubble nuclei, since reduction in surface tension of hydrophobic membranes have been shown to increase the number of stable nuclei (Gaskins et al. 2001) . Caveolae are also the location for eNOS production (WisloV et al. 2007) , which further supports the attractiveness of this speciWc location for bubble formation. Invaginations in the vascular wall have been suggested to represent such a stabilizing mechanism for bubbles.
Endothelial microparticles
Activation of the endothelium generates endothelial microparticles (EMP), which are fragments of activated endothelial cells. These may in turn reduce the endothelial function, possibly by increasing expression of the endothelial adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1), intracellular adhesion molecule-1 (ICAM-1) and E-selectin, and by inXuencing NO production (Jimenez et al. 2003; Brodsky et al. 2004) . Following a decompression, this activation could be caused by endothelial damage from gas bubbles. The EMPs can pass the lung Wlter and as such directly aVect the endothelium dependent vasorelaxation on the arterial side by a mechanism that involves diminished production and/or bioavailability of NO as shown by Brodsky et al. (2004) . Microparticles (MPs) can have other origins besides the endothelium, and circulating MPs have been shown to be increased after simulated scuba diving (Vince et al. 2009 ). Decompression stress has also been reported to elevate the amount of MPs (Thom et al. 2011) . The suggested mechanisms behind the elevated MPs are oxidative stress and apoptosis.
Another attractive candidate to improve decompression safety is the use of Xuorocarbons. These compounds are characterized by a high gas dissolving capacity (O 2 , CO 2 , inert gas), low viscosity, chemically and biologically inert (Spahn 2000) . The O 2 solubility of Xuorocarbons is 20 to 25 times greater than that of blood plasma (Mahon et al. 2006) . Thus, intravenous administration of these agents may increase tissue O 2 delivery. Also, because of higher diVusion gradients, Xuorocarbons would aVect bubbles by reducing the bubble size. Reduced mortality following gas embolism (Lutz and Herrmann 1984) , reduced brain infarct size (Cochran et al. 1997 ) and improved cardiovascular function after air embolization (Tuman et al. 1986 ) have been found in animals, but the eYciency of perXuorocarbons in humans are still to be proven (Moon 2004) .
Exposure to diVerent environmental stress conditions leads to the formation of stress proteins commonly known as heat shock proteins (HSP). The HSP are chaperones for protein molecules and protect the organism against injury. However, in some cases, expression of HSP may contribute to injury. Divers may be exposed to a number of stressors that could possibly inXuence the eVects of bubbles. Saturation divers are exposed to considerable stress (hyperoxia, hard physical work, exposure to infections a.s.o.), which could lead to an increase in HSP over longer periods of time. Of particular interest is the exposure to bacteria, as infections are still a signiWcant problem in saturation diving operations (Ahlen et al. 1998) . HSP are present in most cells, and play a key role in normal cellular homeostasis and cell protection from damage in response to stressstimuli. Endurance exercise is an example of a stressor which increases the expression of HSP70 (Kregel 2002) . Increased expression of HSP70 and subsequent protection of rats from air embolism-induced lung injury has been found with heat shock pre-treatment before diving (Huang et al. 2003) . Thus, exercise-induced HSP70 production seems to aVect the bubble formation after diving with a mechanism other than the NO pathway (Blatteau et al. 2005) . In a study by Montcalm-Smith et al. (2007) , certain biomarkers were investigated in order to use these as indicators of DCS. The use of biomarkers has also been investigated by Havnes et al. (2010) .
There are two potential sources of bubbles; they can either be formed in blood and/or tissues or they can be introduced into the blood. There is a statistical relationship between VGE and DCS (Sawatzky 1991; Eftedal 2007) , and VGE also have the potential to induce long-term eVects. As a consequence, both mechanisms of bubble formation and any physiological eVects need to be elucidated.
Being a consequence of gas uptake and elimination, a major task for the future is to utilize techniques to measure the amount of gas that is liberated. When venous gas infusion or gas injections have been used to study eVects of VGE, the infused volume of gas is known, although the size of the bubbles that enter the pulmonary circulation is unknown. Since the physiological eVects of VGE after decompression are dependent on the degree of venous gas loading, it is important to quantify the amount of gas. The ideal model to study mechanisms of bubble formation as well as physiological eVects of the bubbles and pathophysiological mechanisms must include a method to measure or estimate the amount of gas that appears as gas bubbles.
Concluding remarks and future perspectives
Bubbles have been detected on both the venous and arterial side of the circulation following decompression. Even though many questions still exist, the damaging eVects of these bubbles on the endothelium are well documented. We suggest that this is a central mechanism in the development of serious DCS, and further that it can be a mechanism for the possible long-term health eVects of diving. Protection against DCS has traditionally focused on inXuencing bubble formation by changing ascent procedures from a dive. Rather we believe that the mechanisms behind DCS should be focused upon, since numerous studies from our laboratory have shown that vascular bubble formation is signiWcantly inXuenced by the properties of the endothelium. These properties are known to change in various ways and it reveal new approaches to prevent injury from diving.
There is evidence that the occurrence of at least some forms of DCS is not entirely consistent with purely physical processes. As a result, inability to predict or control DCS severity is perhaps the most glaring deWciency of modern DCS prevention algorithms (Tikuisis and Gerth 2003) . This is largely due to the relatively mild nature of the DCS cases in the data available for model calibration. Changes in the physical or chemical surrounding of any organism, such as the pressure changes experienced on ascent from diving, are likely to trigger adaptive changes in gene expression patterns. One of the remaining cornerstones in the enigma of DCS is the large variability between individuals, both in DCS incidence and bubble formation. Even in animal experiments, where physiological variables are tightly controlled, there is a considerable and signiWcant diVerence in response between individuals. The same dive can produce few or many bubbles, and the response to bubbles diVers as well. Current knowledge points toward possible genetic link between endothelial dysfunction and DCS . This is based on the observation that some genes known to be involved in NO homeostasis display considerable individual diVerence in activity, which again is known to trigger susceptibility to a number of diseases.
Currently, we at the Baromedical and Environmental Physiology Group at NTNU are working on diVerent approaches related to the epigenetics of DCS. Changes in the physical or chemical surrounding of any organism, such as the pressure changes experienced on ascent from diving, are likely to trigger adaptive changes in gene expression patterns. Based on today's knowledge there seems to be a possible genetic link between endothelial dysfunction and DCS. Genes known to be involved in NO homeostasis display considerable individual diVerence in activity, which again is known to trigger susceptibility to a number of diseases. In order to examine mechanisms controlling endothelial function, we propose to examine alterations in genetic expression proWles in the endothelium in situ following decompression, using rats or mice as experimental models. By doing so we hope to gain knowledge of how speciWc genes respond to the physical and biochemical changes experienced in diving. Ultimately, the goal is to assess more reliable predictions for evaluating the individual risk of developing DCS, and possibly also preventing or relieving disease by means of preconditioning or pharmacological intervention.
Purposeful experimentation resulting in severe outcomes is impossible with humans, thus expansion of model capability to cover more severe cases is necessary. This will require an improved understanding of how changes in bubble location, size and profusion translate into changes in DCS severity. Collection of this information will give an ability to quantitatively scale results from animal experiments to humans. An important goal is to identify the properties of the bubble and/or host that determine progression to DCS and to use this information to prevent injury and long-term sequele.
VGE do not indicate the onset of DCS, but VGE is an indicator of decompression stress. However, since the relationship between decompression stress and DCS is not straightforward, there is no positive correlation. But there are no other measurable indications of decompression stress, and thus, measurement of VGE could be considered as the gold standard for validating decompression procedures.
It is anticipated that issues of endothelial function and NO modulation will continue to warrant strong consideration in our eVorts to understand the role of VGE in the adverse eVects of decompression. More profound understanding of these mechanisms will enable us to take preventive and therapeutic advantage to better predict individual risk of developing DCS, and possibly to prevent or relieve disease by means of preconditioning or pharmacological intervention.
